The mammalian nuclear pore complex is comprised of ∼30 different nucleoporins (Nups). It governs the nuclear import of gene expression modulators and the export of mRNAs. In cardiomyocytes, Na . However, the role of Nups in cardiac NHE1 expression remains unknown. We herein report that Nup35 regulates cardiomyocyte NHE1 expression by controlling the nucleo-cytoplasmic trafficking of nhe1 mRNA. The N-terminal domain of Nup35 determines nhe1 mRNA nuclear export by targeting the 5 ′ -UTR (2412 to 2213 nt) of nhe1 mRNA. Nup35 ablation weakens the resistance of cardiomyocytes to an acid challenge by depressing NHE1 expression. Moreover, we identify that Nup35 and NHE1 are simultaneously downregulated in ischemic cardiomyocytes both in vivo and in vitro. Enforced expression of Nup35 effectively counteracts the anoxia-induced intracellular acidification. We conclude that Nup35 selectively regulates cardiomyocyte pHi homeostasis by posttranscriptionally controlling NHE1 expression. This finding reveals a novel regulatory mechanism of cardiomyocyte pHi, and may provide insight into the therapeutic strategy for ischemic cardiac diseases.
Introduction
The mammalian Na + -H + exchanger (NHE) plays an important role in the maintenance of intracellular pH (pHi) by extruding one intracellular proton in exchange for one extracellular sodium (Putney et al., 2002) . Nine isoforms have been described in mammalian genomes, with varying tissue and cellular distribution. NHE1 is ubiquitously expressed in mammalian plasma membrane but is the only isoform found in cardiac cells (Fliegel, 2008) . The activity of NHE1 in myocytes is tightly linked to pHi fluctuation. Decreased pHi leads to elevated catalytic activity, and maximal activity of the transporter is achieved at pHi 6.5 or lower (Kaila and Vaughan-Jones, 1987) . Abnormalities in NHE1 have been implicated in various cardiac pathologies (Vaughan-Jones et al., 2009) . The mRNA expression of NHE1 is rapidly increased in response to ischemia or oxidative stress (Gan et al., 1999) , and an elevated NHE1 protein is implicated in cardiac hypertrophy (Xue et al., 2010) . These observations suggest that NHE1 may serve as a potential therapeutic target in cardiac diseases (Theroux et al., 2000; Snabaitis et al., 2008) . However, the molecular mechanism of the transcription and protein expression of NHE1 in cardiomyocytes remains elusive. Nuclear pore complex (NPC) plays a pivotal role in regulating mRNA export and subsequent protein synthesis (Hoelz et al., 2011; Rodriguez-Navarro and Hurt, 2011) . It consists of 30 different proteins known as nucleoporins (Nups) and is the sole gateway for macromolecular exchange between the nucleus and the cytoplasm. In human cells, the NPC is the largest protein complex (90 -120 MDa) and shows an 8-fold-symmetrical structure that comprises a nuclear envelope-embedded scaffold built around a central transport channel, with a cytoplasmic ring, a nuclear ring and eight filaments attached to each ring (D'Angelo and Hetzer, 2008) . The overall structure of the NPC is conserved in all cells and across species, but the protein composition of the NPC varies among cell types and tissues (Raices and D'Angelo, 2012) . The NPC reprogramming leads to oncogenesis (Culjkovic-Kraljacic and Borden, 2013) . The expression levels of Nup160 and Nup153 are significantly upregulated in cardiac tissues of patients with heart failure (Tarazon et al., 2012) . A mutation in Nup155 induces the impairment in both export of Hsp70 mRNA and nuclear import of Hsp70 protein and consequently leads to atrial fibrillation and early sudden cardiac death (Zhang et al., 2008) . These reports lead us to propose that cardiomyocyte NPCs might affect NHE1 expression by regulating the nucleo-cytoplasmic trafficking of nhe1 mRNA.
In the present study, we demonstrate that among all Nups, Nup35 was the sole member that regulated the nhe1 mRNA export. Nup35 is an evolutionarily conserved nuclear rim protein across species (called Nup53 in yeast and Nup59 in S. cerevisiae) (Cronshaw et al., 2002) . The N-terminal domain of Nup35 critically regulated nhe1 mRNA export by targeting the 5 ′ -untranslated region (UTR) (2412 to 2213 nt) of nhe1 mRNA. Nup35 reduction was associated with ischemic intracellular acidification by decreasing the nucleocytoplasmic transport of nhe1 mRNA.
Results
The NPC component Nup35 determines cardiomyocyte NHE1 protein expression by regulating nhe1 mRNA export efficiency To explore the potential roles of NPC in the regulation of NHE1 expression, we performed an siRNA screen of all Nups in H9c2 cells, a rat ventricular cell line. The knockdown efficiency was checked with quantitative PCR (Supplementary Figure S1A) . As shown in Figure 1A , only the reduction in Nup35 significantly downregulated the protein expression of NHE1. Using two independent Nup35 siRNAs, we confirmed the regulatory effect of Nup35 on NHE1 protein expression (Supplementary Figure S1B and C) . The finding suggests that Nup35 is an important regulator for NHE1 protein expression. A steady-state protein level depends on the orchestration of transcription, translation, and protein degradation. To gain insight into the reduction in NHE1 protein levels by Nup35 loss-of-function, we first tested the potential contribution of protein degradation. We found that the application of leupeptin (a lysosome inhibitor) and MG132 (protease inhibitor) for 48 h did not counteract the reduction of NHE1 protein in Nup35-deficient H9c2 cells ( Figure 1B and Supplementary Figure S2 ), suggesting that neither the lysosome nor the proteasome-dependent degradation of NHE1 proteins is regulated by Nup35. In contrast, Nup35 knockdown significantly decreased the expression of NHE1 protein after the application of cycloheximide (CHX), an inhibitor of protein synthesis, for 24 h ( Figure 1B) , suggesting that Nup35 affected nhe1 mRNA transferring and subsequent protein translation, instead of NHE1 protein degradation. Next, we sought to analyze the transcript levels of nhe1, but the mature nhe1 mRNA was not significantly affected by Nup35 reduction ( Figure 1C) . Using either the primers that anneal to the introns of unspliced nhe1 mRNA (first and second intron, respectively) or the exon-spanning primers that detected only the spliced, mature nhe1 mRNA, we analyzed the levels of nascent unspliced and mature spliced nhe1 mRNAs in H9c2 cells. Compared with the scramble siRNA-treated cells, Nup35 depletion did not affect the production of either nascent nhe1 mRNA or mature nhe1 mRNA ( Figure 1C) . These results suggest that the Nup35-mediated regulation of NHE1 expression is not involved in NHE1 protein degradation and mRNA synthesis.
Next, based on the presence of Nup35 on the nuclear envelope, we fractionated RNA samples from cytoplasm and nucleus (Supplementary Figure S3) , and measured the cellular compartmental distribution of nhe1 mRNA. The relative amounts of nhe1 mRNA in the cytoplasmic and nuclear fractions were measured using qRT -PCR. As shown in Figure 1D , Nup35 knockdown for 48 h significantly decreased the cytoplasmic-nuclear ratio of nhe1 mRNAs but not of gapdh, b-actin, b-tubulin and cardiac specific a-actinin. In addition, Nup35 knockdown did not affect the expression of the cardiac specific a-actinin and the membrane proteins other than NHE1 (Supplementary Figure S4) . We also employed single-molecule-sensitive fluorescence in situ hybridization (FISH) to obtain a quantitative view of nhe1 mRNA molecules in the nucleus and cytoplasm. A Nup35 knockdown vector (shRNA) carrying green fluorescence protein (Zsgreen1) was used to visualize the cells with Nup35 loss-of-function (Supplementary Figure  S5A) . As expected, Nup35 depletion led to a significant nuclear accumulation of nhe1 mRNA transcripts in H9c2 cells ( Figure 1E , Supplementary Figures S5B, C and S6). Collectively, Nup35 governs NHE1 protein levels by modulating the nuclear export of nhe1 mRNA in cardiomyocytes.
The N-terminal module of Nup35 is critically responsible for nhe1 mRNA export in cardiomyocytes Nup35 is localized at the rim of the nucleus (Hawryluk-Gara et al., 2005) . It contains an N-terminal region (aa 1-166), an RNA recognition motif (RRM) domain (aa 167-252) and a C-terminal amphipathic helix (aa 253-326) . To identify the critical domain responsible for nhe1 mRNA export, different truncated versions of Nup35 were constructed and expressed in H9c2 cells. We found that the fulllength Nup35 (Nup35-FL) and the mutants with N-terminus or RRM domain deletions (Nup35DN-terminus and Nup35DRRM) were localized at the rim of the nucleus. However, truncation mutant with C-terminal deletion showed an aberrant distribution in the cytoplasm ( Figure 2A and Supplementary Figure S7) , suggesting that the C-terminus but not the RRM or N-terminal domain is primarily responsible for the precise localization of Nup35 in the nuclear envelope. Next, we examined whether these Nup35 mutants affected the cellular compartmental distribution of nhe1 mRNA. To test this hypothesis, the plasmids harboring fused proteins of GFP-Nup35-FL, GFP-Nup35DN-terminus and GFP-Nup35DRRM were individually transfected into the H9c2 cells (Supplementary Figure S9) . We found that although overexpression of these proteins did not affect the expression of nhe1 mRNA, Nup35 FL and RRM domain-deleted mutant overexpression induced an increase in the cytoplasmic/ nuclear ratio of nhe1 mRNAs ( Figure 2B ). The N-terminus-deleted Figure 2B ). These data indicate that the N-terminal segment of Nup35 is critically required for nhe1 mRNA export.
Based on these findings, we then measured the protein expression of NHE1 in the presence of Nup35 mutants. As shown in Figure 2C , the overexpression of Nup35 FL or the RRM-domaindeleted mutant induced a significant increase in the NHE1 protein expression, but the overexpression of the N-terminal deletion mutant did not. Taken together, nhe1 mRNA export mediated by the N-terminus of Nup35 determines NHE1 protein levels.
Nup35 N-terminus directly binds to the 5 ′ -UTR of nhe1 mRNA
To further investigate how Nup35 regulated the nuclear export of nhe1 mRNA, an RNA-IP approach was adopted to identify the potential binding site on the nhe1 mRNA. Considering that the RNA-IP experiment pulls down mRNA fragments, instead of full-length mRNA, and that mRNA segments with relatively higher affinity for Nup35 are readily pulled down, multiple PCR primer pairs specific for different regions of nhe1 mRNA were designed to examine the RNA-IP product (Singer et al., 2012; Chen et al., 2013) . Our result showed that different amounts of nhe1 mRNA fragments were coimmunoprecipitated with Nup35, with the largest amount detected for the ( Figure 3C ) suggesting that the 5 ′ -UTR (2412 to 2213 nt) of nhe1 mRNA, which was highly enriched in the RNA-IP experiment, was the region in which Nup35 exerted its regulatory function.
Nup35 governs cardiomyocyte pHi homeostasis
To determine whether Nup35 affects NHE1 activity, pHi changes were assayed in the neonatal rat cardiomyocytes with overexpressed or depleted Nup35. The response of these cells to an acute acid load induced by the application of NH 4 Cl in the extracellular solution was recorded. As shown in Figure 4A , when NH 4 Cl was removed and the Na + -Tyrode's solution was reintroduced, the pHi began to recover because of the NHE1-mediated H + extrusion. The rate of this Na + -dependent intracellular alkalinization, which was calculated from the point at which the pHi started to recover and is indicated by the dotted line in each trace, represents the alteration of NHE1 activity. We found that the Na + -dependent pHi recovery was slower in the neonatal rat cardiomyocytes with Nup35 ablation. Such effect was not observed in myocytes ablated with Nup107, a Nup involved in nuclear pore complex assembly (Boehmer et al., 2003; Walther et al., 2003) . The ablation of Nup93 and Nup205, which form a NPC sub-complex with Nup35, did not affect pHi recovery either (Supplementary Figure S13) . Conversely, the pHi recovery in Nup35 overexpression was twice as fast as that observed in the mock group. These data demonstrate that Nup35 is important in the maintenance of pHi homeostasis in acid-challenged cardiomyocytes.
Nup35 downregulation is implicated in cardiac ischemia
In the heart, ischemic compromise inevitably causes cardiomyocyte acidification and further cardiac dysfunction. To further explore the potential contribution of Nup35-related NHE1 expression and activity to cardiac metabolic acidification, an in vitro model of cardiomyocyte hypoxia was adopted using neonatal rat ventricular myocytes. Following the exposure of hypoxia, the protein levels of Nup35 and NHE1 were gradually downregulated ( Figure 4B ). The overexpression of Nup35 conferred the cardiomyocyte with significant resistance to intracellular acidification by CoCl 2 , a chemical inducer of hypoxia ( Figure 4C) . In another set of experiments, we examined the expression of Nup35 and NHE1 in a rat model of acute myocardial infarction (MI). Concomitant decreases of Nup35 and NHE1 protein levels were observed at 72 h after MI in the rat model ( Figure 4D) , suggesting that the Nup35-dependent regulation of NHE1 is involved in ischemic cardiac diseases in vivo.
Discussion
The present study provides multiple lines of evidence for the unique role of Nup35 in regulating NHE1 expression and activity in cardiomyocytes. First, Nup35, rather than other Nups in the NPC, provides a specific post-transcriptional regulation of NHE1 protein expression. Despite the limitations of the RNAi screen (such as differences in knockdown efficiency), we infer that the decrease in NHE1 expression specifically upon Nup35 ablation is not a common effect of any nuclear pore component. Second, direct cytoplasmic-nuclear distribution of nhe1 mRNA in H9c2 cells. The relative levels of nhe1 mRNA in cytoplasmic and nuclear fractions were measured using qRT -PCR. Data were pooled from three independent experiments. *P , 0.05. (E) Single-mRNA FISH analysis of nhe1 mRNA in H9c2 cells subjected to Nup35 silencing. For the quantitative analysis of nhe1 mRNA FISH, the numbers of nhe1 mRNAs were counted in nuclei of H9c2 cells transfected with scramble-shRNA and Nup35-shRNA (n ¼ 40 cells per condition). Data were pooled from three independent experiments. *P , 0.05. Scale bar, 25 mm.
binding of the N-terminal module of Nup35 to the 5 ′ -UTR (2412 to 2213 nt) of nhe1 mRNA is required for the mRNA export and subsequent translation of nhe1. Third, knockdown of the Nup35 protein induces intracellular acidification by depressing NHE1 protein expression and activity, whereas overexpression of Nup35 confers a powerful resistance to acidification. Fourth, ischemic stress induced reductions in the expression of Nup35 and NHE1 in cardiac cells. These findings suggest that the Nup35-mediated export of nhe1 mRNA is a critical mechanism in regulating cardiomyocyte pHi homeostasis. Nup35 is a critical member of the structural scaffolding in Nup93/155/205/35 subcomplex, which is essential for NPCs assembly (Hawryluk-Gara et al., 2008; Eisenhardt et al., 2014) . It participates in the translocation of nuclear envelope transmembrane proteins such as lamin B receptor (Zuleger et al., 2011) . Genetic evidence from embryos of C. elegans has shown that Nup35 mutation was lethal during mid-gastrulation, with chromosome missegregation and nuclear morphology defects (Rodenas et al., 2009) ; however, its biological function in mammalian cells remains unknown. Our results identify for the first time the distinct physiologic properties of Nup35 in cardiomyocytes, governing the pHi homeostasis via modulating the nuclear export of nhe1 mRNA.
The present study reveals the structural substrate through which Nup35 regulates NHE1 expression and activity. Vertebrate Nup35 contains a C-terminal amphipathic helix, a RRM domain, and an N-terminal domain (Handa et al., 2006) . We demonstrate that the C-terminal segment of Nup35 is required for tethering Nup35 to the NPCs, whereas the N-terminal module is the critical element for the Nup35-dependent regulation of NHE1. The 5 ′ -UTR (2412 to 2213 nt) of nhe1 mRNA is identified as the binding site for the N-terminus of Nup35. Structurally, arginine-rich motifs are enriched in the N-terminal domain in contrast to RRM and C-terminal domain. This arginine-rich motif represents a consistent feature in protein -mRNA interactions (Zolotukhin et al., 2002; Hautbergue et al., 2008) . On the other hand, the cytosine (C)-rich sequences, which are abundant in the binding site of nhe1 mRNA, are evolutionarily conserved and preferentially required for transcription and transportation (Chavez et al., 2001 ; Voynov This physical interaction may be a rate-limiting step for nhe1 mRNA export. The C-rich region in the 5 ′ -UTR helps to align the long nhe1 mRNA at the nuclear pore. The flexible N-terminal domain of Nup35 is sufficiently flexible to search for a binding site, unlike the immobile C-terminal domain. Only those nhe1 mRNAs that contact the N-terminal domain of Nup35 with their 5 ′ -UTR can achieve the correct orientation for transfer out of the nucleus. This speculation is supported by our functional study showing that the truncated mutant with the N-terminal domain deletion, unlike the full-length Nup35, does not increase the protein expression of NHE1, losing the ability to increase the activity of NHE1. The RRM domain contains an RNA recognition motif and is ubiquitous in eukaryotes. This domain mediates RNA recognition by many proteins involved in post-transcriptional processes. For example, Aly and REF2-I contain RRM domains (Kelly and Corbett, 2009; Rodriguez-Navarro and Hurt, 2011) , and promote the efficient handover of mRNA to TAP. However, we found that nhe1 mRNA does not bind to the RRM domain of Nup35. One possible explanation is that the Nup35 RRM domain lacks the conserved residues that typically bind RNA in canonical RRM domains (Handa et al., 2006) . FG repeats are a prominent feature of NPCs, and several RNA-binding proteins in the nuclear envelope contain FG repeats (Batrakou et al., 2009) . They have been demonstrated to serve as docking sites for transport receptors (Nakielny and Dreyfuss, 1999; Ben-Efraim and Gerace, 2001) , and to form a diffusion barrier between the cytoplasm and nuclear compartments (Frey et al., 2006) . Although Nup35 contains three FG sequences that are found within ordered secondary structure elements (Handa et al., 2006) , the FG repeats do not appear to be involved in nhe1 mRNA export because none of them are located in the N-terminal domain of Nup35. Collectively, the RRM domain and FG repeats do not contribute to the interaction between the Nup35 and nhe1 mRNA.
It has been reported that Nup35 can regulate the translocation of transmembrane proteins (Zuleger et al., 2011) , the expression of Nup93, Nup155 and Nup205 in Nup93/155/205/35 subcomplex (Hawryluk-Gara et al., 2005 ) and the nuclear pore complex assembly (Vollmer et al., 2012) . Herein we cannot exclude the possibility that Nup35 deficiency-mediated translocation delay of transmembrane protein contributes to the nhe1 mRNA export. In addition, we found that Nup93 and Nup155 were decreased after Nup35 depletion, but Nup205 was not significantly altered (Supplementary Figure S14A) . Expression of Nup35 mutants with different domain deletions also did not change the expression of Nup93, Nup155, or Nup205 (Supplementary Figure S14B) . However, based on the screening data ( Figure 1A) showing that only knockdown of Nup35, but not of other members of the Nup complex, affected the expression of NHE1, it is plausible that Nup35 specifically performs the regulatory role of the nuclear export of the nhe1 mRNA and thereby also regulates its protein expression. This process does not involve other nucleoporins such as Nup93, Nup155 or Nup205. Furthermore, we found that Nup35 knockdown did not affect nuclear pore complex assembly in cardiomyocytes (Supplementary Figure S14C) , as demonstrated by immunofluorescence imaging using an Mb414 antibody. Thus, we may exclude the possibility that nuclear pore complex assembly contributes to the Nup35-mediated nuclear export of the nhe1 mRNA.
NHE1 is a key component of the heart's response to intracellular acidosis following ischemic insult. NHE1 activation during reperfusion is clearly detrimental to the heart, and the inhibition of this exchanger before reperfusion could reduce the associated myocardial damage (Cox et al., 2003; Garciarena et al., 2008) . Our data showed that the expression of NHE1 protein was dramatically decreased in cardiac ischemia (Supplementary Figure S15) . Our identification of a strong correlation between Nup35 and NHE1 both in vitro and in vivo underlies the regulation of nhe1 mRNA by Nup35 under pathological circumstances. Importantly, increased expression of Nup35 enabled the cardiomyocyte to resist the anoxic acid challenge through elevated expression of NHE1. These findings convincingly indicate that Nup35 may serve as a novel molecular target for preventing myocardial ischemic injury. Though we have found the tight correlation in the protein expression between Nup35 and NHE1 in the model of hypoxia and acute myocardial infarction, the change of Nup35 was not the largest. Specifically, the mRNA levels of Nup50, Nup153, and pom121 were observed to be dramatically increased in both models (Supplementary Figure S15) , which deserve to be further explored. In addition, the alteration of nucleoporins in the present hypoxia models is not completely paralleled, which may be due to the discrepancy of sample types (cell versus tissue) and stimuli.
In summary, our findings clarify for the first time the mechanism by which Nup35 regulates cardiomyocyte pHi through controlling post-transcriptional transportation, and they may elucidate the control of pHi homeostasis in ischemic cardiac diseases.
Materials and methods

Cell culture
HEK293 cells, H9c2 cells, and neonatal rat cardiomyocytes were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 2 mM L-glutamine, and 1% penicillin/streptomycin (Gibco, Invitrogen).
Transfections and plasmids
Various truncation mutants of Nup35, including N-terminus (1-166 aa), RRM domain (167 -252 aa), C-terminus (253-326 aa), DN-terminus, DRRM, and DC-terminus were constructed by amplification of the corresponding truncations. were constructed by amplification of the corresponding regions. Plasmid transfections were performed with Lipofectamine 3000 (Invitrogen) according to the manufacturer's protocol.
Fluorescence in situ hybridization
In situ hybridization for bulk poly (A)+ RNAs was performed by the method of Singer et al. (http://www.einstein.yu.edu/labs/ robert-singer/protocols/). Antisense oligo-dTs labeled with Cy3 were synthesized and purified by Sangon.
In situ hybridization of nhe1 in H9c2 cells was performed using a proprietary probe designed by Advanced Cell Diagnostics (ACD). RNA target hybridization was processed according to the manufacturer's instruction. Briefly, H9c2 cells with transfected Nup35-shRNA and scramble-shRNA vector were fixed and permeabilized using ethanol and protease to allow for probe access. After protease digestion was stopped, target probes were hybridized to specific RNAs at 408C for 3 h, with this pair of probes creating a binding site for a preamplifier. After this incubation, the preamplifier was hybridized to the target probes at 408C for 40 min and amplified with three steps (signal enhancer step, amplifier step, and label probe step) of hybridization followed by two washes. Cells were counterstained to visualize the signals. Finally, slides were stained with DAPI and mounted in fluorescence mounting medium.
RNA immunoprecipitation and in vitro binding assay HEK293 cells transfected with Nup35 were harvested and treated according to the manufacturer's instructions (17 -701, Millipore). Antibodies used for RIP included rabbit polyclonal IgG (Millipore, PP64) and antibodies to SNRNP70 (Millipore, CS203216), Nup35 (Abcam, ab166813) and GST (Abcam, ab19256), and 5 mg of antibody was used per RIP reaction. The recombinant GST-Nup35 and GST proteins were obtained for the in vitro binding assay. The 5 ′ -UTR of nhe1 mRNA and the CDS of gapdh mRNA were cloned into pcDNA3.1 (Invitrogen) and transcribed in accordance with the protocol supplied by the manufacturer (MEGAscript Kit, Invitrogen).
Measurement of Na
The activity of NHE1 was measured as the rate of Na + -dependent pHi recovery following an acid load (NH 4 Cl pre-pulse), as described previously (Li et al., 2013) . Briefly, cultured neonatal rat cardiomyocytes were loaded with the membrane-permeable form of the pHi indicator 2 ′ ,7 ′ -bis(carboxyethyl)-5(6)-carboxyfluorescein acetomethylester (BCECF-AM) (1 mM, Dojindo Laboratories, Rockville, MD, USA) for 30 min at 378C. The cells were then rinsed with HEPES-buffered Tyrode's solution (in mM: NaCl 140, KCl 5, Hepes 10, CaCl 2 2, MgCl 2 1; pH 7.4 with NaOH). After the baseline pHi was recorded, the cells were perfused with an acid-loaded solution based on the composition of Tyrode's, with the following substitutions: NaCl and KCl were, respectively, replaced with 20 mM NH 4 Cl and 120 mM N-methyl-D-glucamine (NMDG/Cl). Subsequently, normal Tyrode's solution was added to yield the NHE activity as the pHi recovery rate. Throughout the experiment, the pHi was monitored using a Leica SP5 inverted microscope. The cells were excited successively at 490 and 450 nm. The 490/450 emission ratio obtained from the intracellular BCECF-AM was converted to a linear pH scale using in situ data calibration.
Animals and surgery
Myocardial infarction was performed in female Sprague-Dawley rats as described previously (Yang et al., 2007) . Briefly, the rats were anesthetized with diethyl ether and placed in the supine position with the upper limbs taped to the table. A 1-1.5-cm incision was made along the left side of the sternum. The muscle layers of the chest wall were bluntly dissected to avoid bleeding. The thorax was cut open at the point of the most pronounced cardiac pulsation and the right side of the chest was pressed to push the heart out of the thoracic cavity. The left anterior descending coronary artery was occluded and then the chest was closed. The rats were allowed to recover under care. All animal procedures were previously approved by the Animal Care and Use Committee at the Tongji University School of Medicine.
Statistical analysis
All data are presented as mean + SD. Statistical comparisons among multiple groups were performed by ANOVA and unpaired Student t-test, as appropriate. The results were considered statistically significant if P , 0.05.
Supplementary material
Supplementary material is available at Journal of Molecular Cell Biology online.
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